1. Introduction {#s0005}
===============

Infectious bronchitis virus (IBV) is the causative agent of infectious bronchitis (IB), has a positive-sense, single-stranded RNA genome (approximately 27 kilobases), and belongs to the coronavirus family ([@bb0075]). The genome of IBV is an enveloped virus encoding four major structural proteins: the spike protein (S), which forms the prominent coronavirus spikes, the membrane protein (M), which is the most abundant component of the coronavirus, the envelope protein (E), which is a minor but critical component in virion assembly ([@bb0025]), and the nucleocapsid protein (N), which binds to the viral RNA with high affinity ([@bb0125]; [@bb0100]).

IBV causes economically important upper respiratory and urogenital tract diseases in chickens, resulting in tracheal rales, sneezing, coughing, reduced weight gain, and reduction of egg production ([@bb0015]) IBV is classified as a member of the family *Coronaviridae* and is found worldwide ([@bb0075]). In addition, although the use of vaccines has reduced large-scale IBV outbreaks, the vaccine alone is not sufficient to inhibit IBV ([@bb0045]). Therefore, antiviral drug studies of IBV have been conducted using various extracts and proteins. Huawei showed that forsythoside A is an antiviral agent that protects primary chicken embryo kidney cells against IBV ([@bb0090]). [@bb0140] demonstrated that chicken mannose binding lectin (cMBL) plays a role in immunity, induces viral aggregation, and reduces IBV infection ([@bb0140]). Another study reported using swine intestine antimicrobial peptides (SIAMP) in chick embryos; with inhibition of viral replication and decreases in the pathological changes induced by IBV ([@bb0130]).

Through collaboration with several research groups, we have developed a catalytic antibody fragment (3D8 scFv) that exhibits non-specific nuclease activity toward both DNA and RNA ([@bb0065]). 3D8 scFv, which is based on an anti-DNA monoclonal antibody originating from an auto-immune Murphy Roths Large (MRL) mouse, is a recombinant single chain antibody that links the variable region of the heavy chain (V~H~) and variable region of the light chain (V~L~) through linker peptides ([@bb0070]).

The antiviral effects of 3D8 scFv were previously confirmed in a porcine kidney 15 cell line expressing the 3D8 scFv protein that was subsequently challenged with the classical swine fever virus (CSFV), which is an RNA virus ([@bb0060]). We also observed antiviral effects in a human cell line (HeLa cells) and in mice harboring 3D8 scFv based on the detection of DNase activity in the nucleus and RNase activity in the cytoplasm against DNA viruses (herpes simplex virus and pseudorabies virus) ([@bb0080]). [@bb0010] reported that 3D8 scFv transgenic (tg) chickens in the contact transmission group exhibited inhibition of viral shedding in oropharyngeal and cloacal swab samples after challenge with the avian influenza virus (AIV).

The aim of this study was to investigate in chickens the antiviral effect against IBV of 3D8 scFv. We confirmed the antiviral effects by real-time reverse transcription polymerase chain reaction and ELISA analysis in direct infection and contact transmission groups. Based on the results of this study, the 3D8 scFv protein is considered important for the development for antiviral studies.

2. Materials and methods {#s0010}
========================

2.1. Establishment of 3D8 scFv transgenic chickens {#s0015}
--------------------------------------------------

3D8 scFv G~1~ tg rooster generated with the pLenti-CBA (chicken β-actin promoter)-3D8 scFv-HA (human influenza hemagglutinin tag)-IRES-puro vector was mated with wild type hens to produce G~2~ tg chickens as previously described ([@bb0010]). Genomic DNA (gDNA) was isolated from whole blood (1 ml) of chickens. After the addition of 3 ml of cell lysis solution, the mixture was centrifuged to recover white blood cell (WBC). The supernatant was removed and gDNA was purified from the WBC pellet using Wizard Genomic Purification Kit (Promega, Madison, USA). The amount of gDNA used in PCR reactions was 50 ng. The presence of 3D8 scFv in the G~2~ chickens was confirmed by genomic PCR analysis using a forward primer targeting the CBA promoter region and a reverse primer targeting the 3D8 scFv region. The primer set (forward: 5′- CCTCTGCTAACCATGTTCATGCCTTC - 3′ and reverse: 5′- GCTAGTGAATGTGTATCCAGAAGCCTT- 3′) was designed for the amplification. The PCR conditions were as follows: 35 cycles at 95 °C for 20 s (denaturation), 60 °C for 40 s (annealing), and 72 °C for 30 s (extension).

2.2. Detection of 3D8 scFv protein expression in transgenic chickens by immunohistochemical staining {#s0020}
----------------------------------------------------------------------------------------------------

To verify 3D8 scFv protein expression in the G~2~ tg chickens, tracheal tissues from the chickens were sliced to a 3-μm thickness and mounted onto silane-coated slides. A three-week-old chicken not infected with IBV was used for staining. Blocking was performed in normal serum for 1 h at room temperature. Polyclonal rabbit anti-HA antibodies (Abcam, Cambridge, UK) were used as the primary antibody (1:1000) to detect the 3D8 scFv-fused HA tag. The prediluted primary antibodies were applied for 12 h at 4 °C. The biotinylated secondary antibodies were applied for 1 h at 4 °C. The ABC kit (Vector Laboratories, Burlingame, CA, USA) was used with 3,3′-diaminobenzidine tetrahydrochloride (DAB) as a chromogen to detect expression (10 min), and counterstaining was performed with hematoxylin (20 min). The sections were dehydrated in an alcohol series, cleared in xylene, and covered with a coverslip. Light microscopy was conducted on the Leica DE/DMI6000B equipped with a Leica Microsystems CMS GmbH D-35578 Wetzlar digital camera (Leica, Germany) to capture images ([@bb0030]).

2.3. In vivo IBV infection and transmission studies {#s0025}
---------------------------------------------------

The infectious bronchitis virus K40/09 strain isolated from a broiler farm was provided by Konkuk University of Korea ([@bb0095]). Three-week-old G~2~ 3D8 scFv tg chickens, non-transgenic chickens (non-TG), and SPF chickens (positive control) were housed in containment cages in a biosafety level 2 (BSL2) animal facility. All chickens were identified using individual tags, and feed and water were supplied ad libitum. Five chickens per group were challenged intraocularly with 30 μL containing 10^4.5^ EID~50~ of IBV. One day later, fifteen chickens per group were co-housed in the same containment isolator. To assess viral shedding, oropharyngeal and cloacal swab samples were collected at 3 and 5 days post-infection (dpi) and suspended in 1 ml of PBS. To detect anti-IBV antibodies, serum samples were collected 17 days after challenge for an ELISA assay. All animal study procedures were reviewed and approved by the Korea National Institute of Animal Science Institutional Animal Care and Use Committee (IACUC) (2015--111).

2.4. Quantitation of IBV shedding by real-time reverse transcription polymerase chain reaction {#s0030}
----------------------------------------------------------------------------------------------

Total RNA was isolated from the oropharyngeal and cloacal swabs at days 3 and 5 post-infection with IBV using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) ([@bb0120]). cDNA was synthesized from 2 μg of total RNA using oligo dT and the Superscript III First-Strand Synthesis System (Invitrogen, MA, USA). Primers targeting the IBV gene were designed using the Primer3 program. A primer set (forward: 5′- TCATGGCAAGCGGTAAGG - 3′ and reverse: 5′- TTCAGGTTAGCGGCTGGTC - 3′) was designed to amplify the IBV nucleocapsid gene. Real-time RT-PCR amplification was analyzed with the SYBR Premix Ex Taq kit (Takara, Japan) in the Rotor gene 3000 (Corbett Research, Sydney, Australia). The PCR conditions were as follows: 30 cycles at 94 °C for 1 min (denaturation), 55 °C for 1 min (annealing), and 72 °C for 1 min (extension). The PCR data was analyzed according to ([@bb0135]).

2.5. Enzyme-linked immunosorbent assay (ELISA) for IBV antibody detection {#s0035}
-------------------------------------------------------------------------

An anti-IBV antibody analysis was performed with serum samples from each group 17 days after the IBV challenge using the IBV Ab ELISA kit (Bionote, Hwaseong, Korea). Diluted serum samples and control serum in a volume of 100 μl were added to each well of an IBV antigen-coated test plate and incubated at room temperature for 30 min. After washing with 100 μl of phosphate-buffered saline (PBS), 100 μl of the enzyme conjugates was added and incubated at room temperature for 30 min. After washing with 100 μl of PBS, 100 μl of the substrate solution was added to each well and incubated at room temperature for 15 min. After adding 100 μl of stopping solution, IBV antibody levels were measured based on the absorbance at 405 nm. The status of a sample was evaluated by the sample-to-positive ratio (S/P ratio = \[OD samples - OD of negative control\]/\[OD positive control -- OD of negative control\]).

2.6. Statistical analysis {#s0040}
-------------------------

All analyses were conducted using the GraphPad Prism statistical software (GraphPad Software). One-way ANOVA and Tukey\'s post hoc *t*-test were used for the statistical analyses. The data are presented as the mean ± SE or SD.

3. Results and discussion {#s0045}
=========================

3.1. Production of G~2~ 3D8 scFv transgenic chickens {#s0050}
----------------------------------------------------

In a previous study, we constructed the CBA-3D8 scFv-HA-IRES-puro lentiviral vector and transfected chickens to establish G~0~ tg chickens ([@bb0010]). We produced a G~1~ tg rooster using established G~0~ tg chickens crossed with wild type hens. G~2~ tg chickens for antiviral experiments against IBV were produced by breeding a G~1~ tg rooster and wild type hens. The presence or absence of the 3D8 scFv gene was evaluated by genomic PCR, and 22 of the 40 G~2~ tg chickens showed the presence of the 3D8 scFv gene ([Fig. 1](#f0005){ref-type="fig"}A). In addition, immunohistochemistry staining was performed to confirm expression of the 3D8 scFv protein by the G~2~ tg chickens. The tracheal tissues of the 3D8 scFv tg chickens exhibited a dark brown color after DAB staining ([Fig. 1](#f0005){ref-type="fig"}B, C).Fig. 1Verification of G~2~ 3D8 scFv tg expression in chickens. (A) Genomic PCR analysis of the blood from the G~2~ 3D8 scFv tg progeny chickens. The PCR product size is 227 bp. M: 100 bp ladder marker, NC: negative control, PC: positive control. (B) Immunohistochemistry of the tracheal tissues from wild type chickens. No staining was observed in the wild type chickens. (C) Immunohistochemistry of the tracheal tissues from the G~2~ 3D8 scFv tg progeny chickens. The 3D8 scFv protein was visualized with DAB. All scale bars indicate 20 μm.Fig. 1

The chicken β-actin promoter used in this study is generally expressed uniformly in chicken tissues ([@bb0040]). However, [Fig. 1](#f0005){ref-type="fig"}C showed that 3D8 scFv was expressed in the epithelium of the trachea. As mentioned in the previous report, this result suggests that overexpression of the 3D8 scFv protein may be life-threatening to the organism during the developmental stage ([@bb0010]). Therefore, only chicken embryos with low-level expression survived. When very small amounts were expressed in the tissues, different expression patterns were seen, as shown in ([Fig. 1](#f0005){ref-type="fig"}C).

3.2. Antiviral effects of the 3D8 scFv protein in the IBV transmission group {#s0055}
----------------------------------------------------------------------------

3D8 scFv transgenic, sibling wild type, and positive control (SPF) chickens were used to confirm the antiviral effect against IBV in 3D8 scFv tg chickens. To assess whether the IBV-infected chickens successfully transmitted IBV to the contact-exposed chickens in this study, SPF chickens were included as a positive control. In each group, 5 chickens were directly infected with IBV using an intraocular inoculation method, and 15 chickens were placed in the same space to measure the contact infection rate. Oropharyngeal and cloacal swabs were collected from both the direct infection and contact transmission groups on the 3rd and 5th days after IBV infection, and the viral shedding levels were assessed by quantitative real-time PCR. The directly infected group showed similar viral RNA transcription levels among the 3D8 scFv tg, sibling wild type, and positive control (SPF) chickens (data not shown). However, the 3D8 scFv tg chickens in the contact transmission group exhibited resistance against IBV ([Fig. 2](#f0010){ref-type="fig"} ). The shedding levels in the oropharyngeal swabs of the 3D8 scFv tg chickens were significantly lower than those of the wild type and SPF chickens at 3 and 5 dpi. Additionally, the cloacal swab samples showed significant differences between the 3D8 scFv tg and wild type chickens at 3 dpi ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Inhibition of the IBV shedding levels in the 3D8 scFv tg chicken oropharyngeal and cloacal swabs of the contact transmission group. Three-week-old G~2~ 3D8 scFv tg chickens, non-transgenic chickens (non-TG), and SPF chickens (positive control) were housed in containment cages in a biosafety level 2 (BSL2) animal facility. Oropharyngeal and cloacal swab samples were harvested at 3 and 5 days post-inoculation (dpi) from the contact transmission group. The IBV RNA was investigated by real-time RT-PCR. Mean viral shedding titers were calculated. Data bars represent the mean ± standard error. \*, \*\*\* indicate significant differences compared to the control chickens or positive control chickens at *p* \< 0.05 and *p* \< 0.001, respectively (one-way analysis of variance followed by Tukey\'s post hoc *t*-test).Fig. 2

In the present study, the 3D8 scFv transgenic chickens showed reduced viral shedding levels in the contact transmission group. However, confirming the effects was difficult in the direct infection group. In our previous study on the antiviral effect against AIV, we noted that "because the level of 3D8 scFv expression failed to induce apoptosis, the transgenic cells did not undergo apoptosis" ([@bb0010]). Moreover, cytosolically localized 3D8 scFv triggered apoptotic cell death via its nuclease activity ([@bb0055]). In other words, a high 3D8 scFv protein expression level cannot be expected in chickens. If 3D8 scFv tg chickens are challenged with a viral titer exceeding the critical point at which an antiviral effect occurs, antiviral effects against the virus will not be observed in the tg chickens. However, in the case of the contact transmission group, the amount of virus derived from the directly infected chickens will represent the exposure, and the exposure dose might be lower than that inoculated into directly-infected chickens. Therefore, antiviral effects can be expected to occur in chickens with low 3D8 scFv expression.

3.3. Reduced IBV antibody titers in 3D8 scFv tg chicken sera in the transmission group {#s0060}
--------------------------------------------------------------------------------------

At 17 days post-IBV infection, the IBV serum Ab titer was estimated using an ELISA assay. In the direct infection group, IBV Ab accumulation in the 3D8 scFv tg chickens (OD mean: 0.9) decreased by 10% and 4.6% compared with that in the control chickens (OD mean: 1.0) and positive control chickens (OD mean: 0.94), respectively ([Fig. 3](#f0015){ref-type="fig"}A), but these differences did not reach significance. Conversely, in the contact transmission group, the IBV Ab responses of the 3D8 scFv tg chickens (OD mean: 0.63) were 41% and 40% lower than the responses in the control chickens (OD mean: 1.07) and positive control chickens (OD mean: 1.06), respectively ([Fig. 3](#f0015){ref-type="fig"}B).Fig. 3Reduction of the anti-IBV antibody titers in the 3D8 scFv tg chickens of the contact transmission group. Serum samples were collected at 17 days post-inoculation (dpi) and measured with an ELISA assay. (A) In the direct infection group, no difference was identified. (B) In the contact transmission group, the titers in the 3D8 scFv tg chickens were significantly reduced compared to the titers in the control and positive control groups. Data bars represent the mean ± standard error. \*\* indicates significant differences from the control chickens at *p* \< 0.01 (one-way analysis of variance followed by Tukey\'s post hoc t-test).Fig. 3

IBV is a coronavirus that causes respiratory signs related to infectious bronchitis ([@bb0110]; [@bb0105]). Also, it is infected in the respiratory tract, gut, kidney, and reproductive system of chicken which ultimately affects meat and egg production ([@bb0005]). A number of antiviral studies have been conducted against IBV in response to these problems ([@bb0035]; [@bb0050]; [@bb0130]; [@bb0090]; [@bb0020]; [@bb0115]; [@bb0140]). In the present study, we investigated resistance against IBV in chickens using 3D8 scFv. The 3D8 scFv tg chickens exhibited a reduction in shedding based on quantitation of viral RNA in the oropharyngeal and cloacal swabs and reduced antibody titers against IBV. Many studies have confirmed the antiviral effects based on the nuclease activity of 3D8 scFv in rats, humans, and chickens ([@bb0060]; [@bb0080]; [@bb0085]; [@bb0010]). The nuclease activity of 3D8 scFv may be used as an antiviral agent for most viruses that have DNA or RNA as their genetic material. The development of a broad range of therapeutic agents for viruses with various mutations is very urgent and necessary. Ensuing studies will examine whether 3D8 scFv is effective against a variety of chicken viruses.
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